Abstract--Potential hand function in people with tetraplegia was evaluated using a three-dimensional dynamic mathematical model. The model was used to evaluate hand positioning, grasp force, and the outcome of surgeries such as tendon transfers and joint fusion, in situations typical of those encountered when using functional neuromuscular stimulation to restore function in people with tetraplegia. In the model, the hand is treated as a jointed multibody system. Each joint is subjected to muscle moments, passive joint moment, and moments due to grasp forces. Model simulations showed that function was highly dependent on both muscle strength and joint passive moments. The potential for tendon transfers, such as the Zancolli-lasso and intrinsicplasty, to improve hand function was demonstrated, but their value is subject-dependent. It was also shown that activation of multiple thumb muscles (adductor pollicis, abductor pollicis brevis, and flexor pollicis longus) without interphalangeal joint fusion can provide convenient lateral pinch posture with -70% more grip force than a currently used method, which includes joint fusion but requires only one muscle. Finally, a grasp protocol was introduced and shown successful in palmar grasp and hold of movable cylindrical objects using only extrinsic muscles, provided the fingers could be extended sufficiently to enclose the object.
INTRODUCTION
Functional neuromuscular stimulation is a developing technology that restores limited voluntary control of skeletal muscles where nervous system damage has rendered them paralyzed (19, 20, 25) . Using functional neuromuscular stimulation, a person with tetraplegia can reach, grasp, and pick up an unmodified object and manipulate it for use, independently. Such movements are complex, requiring the use of multiple muscles controlling multiple segments, connected by multiple joints.
One means for better understanding the interaction of muscles, segment motion, and an object and, thus hand function, is through a dynamic model of the hand. Several static models (7, 17, 21, 28) and, to a lesser extent, dynamic models of hand function (6, 8) have been developed and used to predict grip strength, tendon excursion, hand posture, and the ability to grasp objects with limited groups of muscles, although, with few exceptions, their use has been limited to normal hand function. Kinetic models have revealed that dynamic torque associated with finger movements can be large in relation to joint torque produced by muscles, especially in faster movements (11, 14) . Electromyographic measurements and torque patterns associated with finger movements at different speeds also indicate that muscle activity is needed both for producing motion at joints and to counteract dynamic inertial torque (14) .
Modeling of hand function, in a person with tetraplegia, needs to account for both altered physical characteristics of the hand and the potential treatment modalities that could be applied to improve function. Typically, after a high spinal cord injury, the hand is transformed into a more flexed posture than normal, where passive joint moments can represent a major part of the total joint moment. Muscle strength in people using functional neuromuscular stimulation systems may be reduced up to 80% when compared with a normal hand (22) . Finally, treatment modalities such as joint fusion and tendon transfers should be included in a model of the hand.
The purpose of this study was to develop a dynamic model of the hand and to use this model for evaluating the function that could be obtained in people with tetraplegia using functional neuromuscular stimulation. This model is distinct, with respect to other dynamic models of hand function, in that it includes the unique characteristics of the hand of a person with tetraplegia and treatment modalities used to improve function in such cases.
METHODS
The hand was modeled as a multibody system connected by moveable joints, Each joint was subjected to active, passive, and external moments. Active joint too-ment arises from contraction of muscles crossing joints. Passive moment represents the resistance of a joint to movement, when all muscles are inactive. External moment is the result of contact forces between the hand segments and a grasped object. The complete model of hand function was built around the program ADAMS (Mechanical Dynamics, Inc., Ann Arbor, MI, USA).
Thumb, index finger, palm, and intersegmental joints were included in the model. The plane of the palm was fixed and parallel to the gravitational direction. Each phalanx was represented by a cylindrical rigid body whose dimensions were measured on one subject. Segment masses and principal moments of inertia were computed based on the volume and geometry of each segment, using a specific mass of 1.1 g/cm 3. The index finger and thumb articulations were modeled as 1 or 2 degree-of-freedom joints (Table 1) .
Fifteen muscle-tendon units were included in the hand model (Table 2 ). These muscles were selected because they are typically used in upper extremity functional electrical stimulation systems at our institution. The force in each muscle was a function of its activation dynamics, length-tension-firing period and force-velocity properties (Appendix). Passive properties of the muscles were included in the passive moments. By scaling slow-twitch human soleus data from Bawa and Stein (5) to a fast muscle response (32) , the activation time constant was estimated to be 33 msec. Parameters for the normalized length-tension-firing period and force-velocity relationships were based on measurements for cat soleus (13), but were adjusted for the correct physiological length range (10) for each muscle (Table 2) . Peak isometric force was estimated from measured physiological cross-sectional area (3) and maximum specific muscle stress, 20 N/cm 2 (9). Muscle geometric parameters were generally taken from the literature (23), but when not available, were estimated in vivo from measurements on the surface of a subject's arm. The firing period of motor neurons was assumed constant (80 msec), but activation was varied as a function of time (10) . Moment of muscle force was computed using a constant moment arm (4) for all muscles except the oblique and transverse heads of adductor pollicis, and the transverse head of the dorsal interosseous (Table 3) . For these three intrinsic muscles, joint moment was the product of muscle force applied along a straight line between the origin and the insertion points of the muscle, and the moment arm was the computed perpendicular distance between a joint and the muscle force.
The contact force was computed as that needed to produce deformation of the finger resulting from its intersection with an object and be in equilibrium with all other forces. The constitutive response of finger pads was obtained from a series of force and displacement measurements (17) . These data were fit to a model of the form
where F~ is the perpendicular component of the external force, d is the magnitude and d is the velocity of penetration of an object into a finger segment, r was estimated as 0.1 (16), andfz andf. represent the loading and unloading branches of the finger pad force-displacement relationship that were fit by exponential functions (Table 4 ). The magnitude and velocity of penetration of a hand segment by an object, perpendicular to the contact surface, were computed from the kinematics of the hand-object interaction (15) .
The tangential component of the contact force, F t, was computed using the perpendicular force, F n, and a constant coefficient of friction (IX = 0.5) representing contact between finger and a polished surface (29) . The tangential force was applied in a direction opposite to the tangential velocity of the segment with respect to the object (15)
where r162 is a unit vector in the direction of the relative tangential velocity. Frictional forces are discontinuous, resulting in a failure of the integration, in a simulation, to converge. To improve convergence, the discontinuity in The isometric muscle force was computed with all joints fixed at 0 ~ Length of the muscles indicated by an asterisk is taken from Lieber et aL (23) . For the rest of the muscles, muscle length was measured in vivo.
the friction was approximated by a piecewise continuous function, using the ADAMS "STEP" subroutine, and a threshold velocity (0.01 cndsec) was set such that there was always relative motion between contacting surfaces. To aid in specifying muscle activation patterns, the hand model was interfaced with optimization software (DOT and DOC; VMA Engineering) that minimized the difference between either the current, and the desired joint positions, or total grasp force ( Fig. 1) ,
j=l for position optimization, or for force optimization Minimize:
where the constraints in both cases are 0~<o~t~< l, 0~<o~2~<1 .....
0~<a.<~l. (5)
In these equations, Tj is the desired joint position at thejth joint, m is the number of joints, | is the current joint angle, Fa is the total desired grasp force, f is the current grasp force, and o(. i are the activation parameters for each of the n muscles in the model. The activation parameters are scaled from zero for no activation to one for full activation (10) . Because active muscle forces may be much less in people using functional neuromuscular stimulation, than in volitionally controlled muscles (22) , the upper limits of <1 for muscle activation was imposed in some simulations. Moreover, to represent the hand of a person with tetraplegia, passive moment was measured at the metacarpophalangeal joint of a tetraplegic patient (Fig. 2) . Passive moment at the index finger interphalangeal joint of a person with tetraplegia was estimated from measurements on a normal subject, which were modified based on joint range of motion, and rest position that specifies the angle where passive moment is 0.
The sensitivity of joint position to muscle activation was evaluated by activating muscles individually, in 10 steps, from 0 to 100%, and computing the resulting joint positions. Muscles that produced the greatest joint rotation, for an increment of activation, were ranked as most effective. These results were used to select primary muscles for a specific task.
When possible, model predictions were compared with results in the literature. Maximum isometric force predicted by the model was compared with data given by Ketchum and Thompson (18) . Muscle activation in reciprocal posture was compared with electromyographic resuits (24) . Predicted lateral grasp force was compared with experimental results (2, 20) . Finally, a dynamic interaction response of the index finger, observed by Darling and Cole (14) , was simulated using the model. Two tip pinch positions, corresponding to thick and thin objects (Table 5 , Cases 1 to 6), and reciprocal movement, corresponding to a terminal position of metacarpophalangeal flexion and interphalangeal extension, were simulated (Table 5 , Cases 7 to 13). The flexor digitorum superficialis, extensor indicis, extensor digitorum commu- nis, and first palmar interosseous were used in these simulations. A range of passive moments, muscle strengths, and the effect of two tendon transfers [a Zancolli-lasso (33) and an intrinsicplasty] was studied. The Zancollilasso was modeled by eliminating the moment of the flexor digitorum superficialis at the proximal interphalangeal joint. The intrinsicplasty was modeled by applying flexor digitorum superficialis force with the extensor mechanism moment arm at the interphalangeal joints. In all simulations, the thumb was abducted from its rest position by activation of abductor pollicis longus. The function of the thumb in lateral pinch was modeled assuming that the thumb contacted an object that had a flat surface (coefficient of friction 0.5), was perpendicular to the gravitational direction, and was fixed to the ground. Moreover, it was assumed that the shape of the contacting surface of the thumb was a sector of a sphere and that only the distal phalanx of the thumb was in contact with the object. From a preliminary study (15) , the center of the sphere was located at 1.3 + 0.2 cm parallel to the phalanx and 1.55 _+ 0.2 cm perpendicular to the palmar surface of the phalanx, with respect to the center of the interphalangeal joint. The radius of the sphere was 2.8 _+ 0.3 cm. An implementation of lateral pinch in people using functional neuromuscular stimulation was simulated: the interphalangeal joint is fused and the adductor pollicis, or the flexor Position of center of mass of the object is given relative to the center of rotation of the wrist. The required normal force is computed from Eq. 4. Before dynamic simulations, the index finger is positioned close to the object, by activation of the extensor indicis (El). pollicis longus, is activated (20) . The effect of fusion angle on hand function was evaluated. In addition, alternatives that do not rely on joint fusion were investigated. Palmar grasp of cylindrical objects of several diameters and weights, with normal and weak muscles (Table 6) , and with the object either fixed to the ground or free to slide on a horizontal flat plane with friction, were modeled. Phalanx-object interaction was computed from the intersection of two cylinders, whereas that of web space and object was modeled as the intersection of a straight line and a cylinder (15) . Before each grasp and hold simulation, the thumb was extended and abducted using extensor pollicis brevis and abductor pollicis brevis, and the index finger was extended using extensor indicis. To determine a muscle activation pattem for a dynamic grasp of a moveable object, the object was first fixed, and in contact with the proximal phalanx of the thumb and the web space: its approximate final position. Force optimization, Eq. 4, was used to search for the activation of flexor digitorum profundus and flexor digitorum superficialis to provide the force needed to hold an object against gravity by frictional forces. The required normal force, N, on the object was found by noting that support forces are equally shared by the thumb and the fingers, and the force is equally shared between the index and other fingers, and the actual support force is -40% greater than this (1, 26, 30) , where the coefficient of friction, Ix, was 0.5 (29) .
RESULTS
The sensitivity analysis ranks flexor digitorum superficialis, flexor digitorum profundus, first palmar interosseous, and first dorsal interosseous as the most to least effective flexors of metacarpophalangeal joint of the index finger. Except for first dorsal interosseous, which significantly abducts metacarpophalangeal joint, other muscles produce adduction. At the proximal interphalangeal joint, flexor digitorum profundus and flexor digitorum superficialis produce flexion; first dorsal interosseous has no effect; and extensor indicis, extensor digitorum communis and first palmar interosseous provide similar small extension. At the distal interphalangeal joint, only flexor digitorum profundus produces flexion. In extension, extensor indicis and extensor digitorum communis have almost the same effect at all the index finger joints. Flexor pollicis longus and brevis, and abductor pollicis longus and brevis flex the carpometacarpal joint, with the former being the most effective and the latter being the least effective. Extensor pollicis longus is more effective than extensor pollicis brevis in extending the carpometacarpal joint. None of the intrinsic thumb muscles, except adductor pollicis (oblique head), which flexes carpometacarpal joint, have a significant flexion/extension effect at carpometacarpal joint. Flexor pollicis longus, adductor pollicis (oblique head), flexor pollicis brevis, and abductor pollicis brevis are, respectively, the strongest flexors of the thumb metacarpophalangeal joint, whereas extension of the joint is fulfilled by extensor pollicis longus and extensor pollicis brevis. At the interphalangeal joint, flexor pollicis longus is a strong flexor, and extensor pollicis longus is a weak extensor.
From a series of static simulations, the maximum isometric force, predicted by the model, for the flexor digitorum profundus, flexor digitorum superficialis, and first palmar interosseous are in good agreement with experimental measurements (18) . However, the model predicts lower forces for the extensor and first dorsal interosseous (Table 7) . A dynamic simulation of activation of the flexor digitorum superficialis shows, qualitatively, the same resuits reported by Darling and Cole (14) : initial metacarpophalangeal joint extension and proximal interphalangeal joint flexion.
Simulations show that positioning the finger in a tip pinch posture depends on the combined influences of passive moments at the joints, muscle strength, and the specific posture. A tip pinch posture, suitable for grasping a thin object, can be obtained with relatively low activation, even in hands with elevated passive moments (Tables 5  and 8 ; Fig. 3 ). In contrast, tip pinch of a thick object requires much greater activation. Although individual joint angles may be far from the desired values, the overall posture is still functional (Tables 5 and 8; Fig. 4) . The muscle activation pattern selected by the optimization in tip pinch of a thick object is in agreement with electromyographic recordings (24) , in the sense that extrinsics alone produce clawing and action of intrinsics is required.
The desired end-point joint angles for a reciprocal movement of the finger are unreachable by activation of the extrinsic muscles, flexor digitorum superficialis, extensor indicis, and extensor digitorum communis alone (Table 8) . With the intrinsic first palmar interosseous fully activated, joint angles close to the desired end-point posture are obtained (Fig. 5) . The position of a finger with normal joint passive moments is the closest to the desired reciprocal posture, whereas a clawed hand is the farthest. Intrinsicplasty did not provide a good substitute for the first palmar interosseous in a clawed hand, because its flexion effect at metacarpophalangeal joint dominates its extension effect at proximal interphalangeal joint. Simulations of lateral pinch show that when either adductor pollicis or flexor pollicis longus is fully stimulated, and the distal segment of the thumb contacts the radial side of the index finger, the resulting interphalangeal joint extension moment must be resisted by the passive moment or joint fusion. Increasing interphalangeal joint fusion angle decreases the normal component of the grasp force. A possible alternative pattern of muscle activation in lateral pinch is identified using the model. Full activation of adductor pollicis and abductor pollicis brevis, along with partial stimulation of flexor pollicis longus (30%), provides a functional posture for lateral pinch, and stabilizes the interphalangeal joint, without joint fusion or relying on the passive moment to prevent hyperextension (Fig. 6) . In addition, the grip force produced by the alternative approach (17 N) is -70% larger than the force produced with the current strategy (10 N).
Simulations of palmar grasp of a fixed, cylindrical object, supported by the thumb, shows a strong interaction of muscle strength and size of the object. A hand with weak muscles (40% activation), using only flexor digitorum superficialis and flexor digitorum profundus, cannot hold a 1.8 kg object (Tables 6 and 9) , whereas a hand with full strength muscles can. As the weight of the object increases, the required activation level increases, whereas the activation level decreases when the size of the object increases. In other words, because muscle force is lengthdependent, a large diameter object, for any weight, requires less muscle activation, than a small diameter object of the same weight, assuming we are on the ascending potion of the muscle length-tension curve.
In cases where the object is allowed to slide, it can be grasped successfully if it is initially positioned properly with respect to the hand (Table 10) . When a relatively small object (4 cm diameter) is placed close to the tip of the index finger, the tip of the distal phalanx, rather than its palmar surface, contacts the object resulting in an unsuccessful palmar grasp: the object is not surrounded by the finger. The transition motion of the object from its initial to final position, in almost all of the cases simulated, a b c shows that by activation of the flexor digitorum superficialis, the object is dragged into the palm and is entrapped, and by activation of flexor digitorum profundus, sufficient force to hold the object is provided (Fig. 7) .
DISCUSSION
A three-dimensional dynamic model of the thumb and the index finger was developed and implemented. The model was used to investigate hand performance in tip pinch, lateral pinch, and palmar grasp with specific application to people with tetraplegia using functional neuromuscular stimulation. It was shown that combinations of weak muscles and abnormally high passive moment, associated with clawed or overly flexed index finger joints, may prevent the digits from reaching certain postures, even with the help of common tendon transfer techniques. Simulations of lateral prehension revealed that an alternative approach, to the strategy currently used in functional neuromuscular stimulation, may also provide functional lateral pinch. Simulations of palmar grasp disclosed that extrinsic muscles might be sufficient to grasp and hold cylindrical, movable objects, if before the grasp, an open posture is achieved, and the object is placed as close as possible to the palm. However, sufficient extension of the proximal interphalangeal joint, to permit hand opening, may be hindered by one, or a combination of, inadequate intrinsic muscle function, and increased passive moment.
Our model performs kinematic, static, or dynamic simulations in contrast to other models that generally perform only one type of simulation. In addition, several new features were incorporated into the model to meet our ultimate goal of improving hand function in people with tetraplegia. A dynamic model of muscle is used to drive the digits. This is essential, because we are interested in studying the effects of tendon transfers, joint fusion, and other procedures that alter muscle length and therefore force. The model also includes dynamic joint passive moment that seems to be needed to ensure joint stability (22, 31) . Dynamic simulation of grasp is performed using index finger and thumb with rate-dependent models of finger pad deformation and frictional contact forces between fingers and objects. Joints were assigned degrees of freedom consistent with previous work (2, 12) , but modeling the thumb metacarpophalangeal joint is controversial (27) . Because, for many applications of grasp, using functional electrical stimulation, the thumb is simply extended Muscle activation in each case is determined by the results of optimization (Table 9 ). In each case, the magnitude of the total residual moment produced about the center of mass of the object is recorded. FDS, flexor digitorum superficialis; FDP, flexor digitorum profundus.
and held as a post against which an object is pressed by the fingers, we assigned only a flexion-extension degree of freedom to this joint.
Modeling each of these features of hand function requires a large number of parameters, many of which are not known for a specific subject and must be estimated. Muscle moment arms were generally obtained from published values, which represent an average for a small number of subjects, but may not be representative of any one person. Moment arms in tendon transfer surgeries were estimates and, in the case of an intrinsicplasty, probably represent an upper bound. Passive moments were based on extensive measurements on a normal hand and limited measurements on a person with tetraplegia. Finger pad measurements were based on normal hands. Simulation resuits should be viewed as general trends, not being specific to any individual. Obtaining subject specific data is an important next step in making models clinically applicable.
Despite having to estimate and generalize many model parameters, several tests of the model established its reliability. Predicted isometric forces showed good agreement with in vivo experimental data (18) for the index finger extrinsic flexor muscles where in vivo isolation of flexor digitorum profundus and superficialis could be reliably accomplished. In contrast, predicted muscle forces in first palmar interosseous, first lumbrical, and the extensor mechanism were not in close agreement with in vivo measurements. For these muscles, which are cotendonous, isolation of individual muscles would not be expected to be as reliable like the flexors, thus causing the measured force to be an overestimate of the actual muscle force. Muscle physiological cross-sectional areas (Table 2 ) support the notion that Ketchum's measurements overestimate the maximum forces in the extensor mechanism and first dorsal interosseous. Furthermore, the cross-sectional areas we used ( then used in the optimization with convergent results, but not necessarily unique results. Changing the initial position, in the optimization with a limited number of muscles, could result in a different set of muscle activation for the same final posture. This nonuniqueness is to be expected given the nonlinear and redundant nature of the system being studied. Although, in the normal hand, joint angles converge close to desired postures, there are still differences between the desired and the final values of index finger joint angles (Table 8 ). This is entirely consistent with the posture of the subject whose passive moments were used in et al., (23) , thus suggesting that we are using estimates of the maximum isometric force that could already be high, yet these are less than those produced from in vivo measurements. Long (24) showed that, to reach or hold the index finger in a reciprocal position, intrinsic muscles, and (to a lesser extent) the extrinsic extensor mechanism are required. In our simulations, the optimization method chose to turn off the flexor digitornm superficialis, fully stimulate first dorsal interosseous, and partially activate extensor indicis, similar to electromyographic measurements. In simulations of lateral pinch, only selected muscles are stimulated, thus, it is not surprising that the predicted normal force is much <80 N measured in the normal hand (2) . However, when adductor pollicis, first dorsal interosseous, first palmar interosseous, and part of flexor pollicis brevis were stimulated in people with tetraplegia (20) , a pinch force of 9.7 _+ 8.8 was obtained. Assuming that, in the adductor group, most of the normal pinch force is generated by adductor pollicis, this measurement is quite close to what our model predicts (7.5 N) .
Both convergence and uniqueness were issues in optimizing hand function. Numerical convergence of the optimization, to yield muscle activation, was sensitive to the number of muscles included in the optimization. An initial attempt that included all 15 muscles, and allowed the optimization to select muscles needed for a specific task, did not converge, probably due to the redundancy of muscle action. The sensitivity analysis was then developed to determine which muscles produced the greatest change in objective for a given task, and a limited set of muscles was the simulation. This subject (J.M.) has relatively stiff joints and cannot flex his metacarpophalangeal joint >80 ~ just as found in the simulation. A plot of the objective function showed that, at this simulated solution, a global minimum was obtained in the feasible space.
In summary, a reliable model of hand function was developed. Using the model, the complex interaction of all forces acting on the hand, and the effect of these forces on hand function, was evaluated. Passive joint moments, often neglected in many models of musculoskeletal function, were shown to be an important determinant of hand function in both palmar and lateral grasps. 
where muscle activation dynamics was modeled as a unity gain, linear first-order low pass filter:
~4 (t) = p(R -A(t)).
(A2)
Tendons were represented by linear springs with constant stiffness, in series with the muscle. Thus,
F, = K,(L t -Lt~.).
(A3)
The tendon and muscle length are related as
where the second term on the right-hand side of this equation represents the change in overall muscle-tendon length due to a change in joint angle from 0 ~ Substituting tendon length from Eq. A4 into Eq. A3, and recognizing that F m = F t, an expression for muscle length, independent of tendon length, was found. Substituting this expression for muscle length in Eq. (A1), an expression for computing muscle force was derived:
where 
NOMENCLATURE
activation time constant of isometric force development muscle length-tension-firing period constants number of joints a muscle crosses tendon moment arm muscle activation muscle force-velocity constant peak isometric muscle force, muscle force tendon force muscle stiffness at the maximal recruitment level tendon stiffness muscle-tendon unit length when all joints are at 0 ~ muscle length, muscle slack length, maximum muscle length tendon length, tendon slack length muscle firing period neural input joint angle
